At orthostatic vasovagal syncope there appears to be a sudden decline of sympathetic activity. As mental challenge activates the sympathetic system, we hypothesized that doing mental arithmetic in volunteers driven to the end point of their cardiovascular stability may delay the onset of orthostatic syncope. We investigated this in healthy male subjects. Each subject underwent a head up tilt (HUT)+ graded lower body negative pressure (LBNP) up to presyncope session (control) to determine the orthostatic tolerance time, OTT (Time from HUT commencement to development of presyncopal symptoms/signs). Once the tolerance time was known, a randomized crossover protocol was used: either 1) Repeat HUT + LBNP to ensure reproducibility of repeated run or 2) HUT + LBNP run but with added mental challenge (2 min before the expected presyncope time). Test protocols were separated by 2 weeks. Our studies on five male test subjects indicate that mental challenge improves orthostatic tolerance significantly. Additional mental loading could be a useful countermeasure to alleviate the orthostatic responses of persons, particularly in those with histories of dizziness on standing up, or to alleviate hypotension that frequently occurs during hemodialysis or on return to earth from the spaceflight environment of microgravity.
Introduction
Orthostatic stress constitutes a serious problem in persons with histories of dizziness upon standing up. In such persons, the cardiovascular system may not always be able to maintain mean arterial pressure, thus leading to a critical decrease in cerebral blood flow and consequently syncope. Syncope is the end-point of orthostatic stability and is defined as transient, self-limiting loss of consciousness. Despite intensive research, orthostatic intolerance remains a problem.
At orthostatic vasovagal syncope there appears to be a sudden withdrawal of sympathetic activity [1] . Any activity that increases the sympathetic activity in subjects reaching orthostatic syncope, at least hypothetically speaking, should lead to improvements in orthostatic capacity. Therefore, maneuvers such as handgrip, cold-water immersion or mental challenge, which result in increases in sympathetic activity, should affect the orthostatic lability. As handgrip and cold-water immersion may not be available on the bedside or roadside, we chose mental challenge application for our study.
Mental challenge and interaction with orthostatic stress
The neurovascular response to mental challenge [2] includes activation of the sympathetic system, vasoconstriction in the splanchnic and renal regions but vasodilatation in skeletal muscles [3] , resulting in increases in heart rate, cardiac output and blood pressure.
In daily life, we subject our body to both mental and physical stresses. The interaction between these stressors when applied together, however, is poorly understood. Since the mechanisms of cardiovascular regulation have been reported to be different in orthostatic and mental stresses, we previously investigated the modulation of head up tiltinduced orthostatic responses by mental challenge, applied using mental arithmetic [4] . We observed that mental arithmetic (adding or subtracting six or seven from two or three digit numbers) increased mean arterial pressure and prevented the decrease in cardiac output when it was done while standing up [4] .
We hypothesized that doing mental challenge while standing may delay the onset of orthostatic syncope. We investigated this in healthy male subjects; in each of these presyncope was induced. Mental challenge was applied using mental arithmetic: Participants were asked to add or subtract continuously the numbers 6 or 7, randomly, from a 2 or 3 digit numbers and to state the correct answers. In study [4] , participants did only 10 min of head up tilt, with and without 10 min mental arithmetic. In the present study, subjects were driven up to presyncope and mental arithmetic was applied only for 2-3 min preceding presyncope.
The mental arithmetic task has a lot of practical implications as calculations can be performed in all situations and circumstances, even in emergency situations, and without the need for any material or instruction.
Methodology

Participants
We focused on healthy men whose age and physical characteristics were homogeneous because gender and age may affect orthostatic stress responses [5] . The study was carried out in healthy, non-obese, non-smoking, non-medicated men who were free from any somatic or mental condition. The subjects were free from histories of syncope, cardiovascular disorders, vestibular and somatosensory functions alterations and psychiatric disorders. Our subjects also did not complain of any vestibular symptoms during-or between the three protocols. Participants were familiarized with the test protocol and gave written informed consent to participate in the study. The study was approved by the Graz University Ethics Board and the study performed in accordance with the 1989 WMA Declaration of Helsinki.
Study design and administration
We asked participants to abstain from vigorous exercise, coffee or any stimulants for 2 days before the test sessions. The test persons were fasting and voided before commencement of the experiments.
Each experiment started with a 30 min supine rest period to acquire cardiovascular steady state conditions. At minute zero, the electronically controlled tilt table was brought to 70°head-up (HUT) position. 70°w as used as it represents 0.94 sine of tilt angle and about 94% of orthostatic load on a person [6] . Indeed most laboratories use 60 to 80°tilt angles to provoke hypotension and bradycardia. After four more minutes, additional 15 mm Hg of lower body negative pressure (LBNP) was provided. LBNP was increased by 15 mm Hg every 4 min, particularly as we wanted to drive the subjects to presyncope rather quickly. We chose this protocol, as LBNP stress duration influences stress responses [5] , and we also wanted to minimize possible effects of rapid adaptation. As soon as presyncopal signs or symptoms occurred, the table was brought back to 0°and LBNP was stopped at once. The criteria of presyncope were [7] : a) blood pressure drops below systolic 80 mm Hg or by ≥20 mm Hg/min, diastolic by ≥10 mm Hg/min, and/or heart rate decreases by ≥15 bpm, b) lightheadedness, dizziness, visual disturbances, nausea, stomach awareness, clammy skin, excessive sweating, or skin pallor.
During the entire protocol subjects were instructed to avoid undue movements of the lower limbs and to breathe normally. Test persons were secured and had access to an emergency shutdown (automatic return to supine and pressure neutralization) at all times.
The test was carried out between 9:00 AM to 1:00 PM in a semidark quiet room, maintained at 24°C and humidity at 55%.
Protocols
Each subject underwent a control HUT + LBNP run (PS1) to determine the orthostatic tolerance time, OTT (time from the commencement of HUT to development of presyncopal symptoms or signs). Once the OTT was known, a randomized crossover protocol was used: either 1) repeat HUT + LBNP to ensure reproducibility of repeated run (PS2) or 2) HUT + LBNP run but with added mental challenge (2 min before the expected presyncope time). Two weeks separated each protocol.
Mental challenge was applied by using mental arithmetic: Participants were asked to add or subtract continuously the numbers 6 or 7, randomly, from a 2 or 3 digit number [4] and to state the correct answer. A new number combination was provided every 5 s on a computer screen fixed at level of the eye of the participant.
ANOVA was used to compare effects of repeat runs and mental challenge. Results are presented as means ± standard deviation.
Results
The study criteria were met by 5 male participants of age 27.2 ± 1.8 years, weight 74 ± 6.1 kg, height 181.6 ± 4.9 cm (mean ± SD).
Using the HUT + graded LBNP, presyncope was achieved in all the subjects. Table 1 summarizes the averages of orthostatic tolerance (in min) across the three runs.
For PS1, PS2 and PS + MA, average orthostatic tolerance times were 9.07 ± 4.45, 10.03 ± 5.03 and 13.29 ± 3.29 min, respectively. The addition of mental arithmetic resulted in average improvements in the OTT of 3.73 ± 2.39 min. By applying mental arithmetic 2 to 3 min before presyncope, we observed increases in orthostatic tolerance. Fig. 1 shows a representative tracing of a male subject, without (Fig. 1a) and with (Fig. 1b) mental arithmetic application.
As seen in Fig. 1a , OTT was 12 min 30 s in this subject. Addition of mental arithmetic, 2 min before OTT, resulted in increased orthostatic tolerance (18 min).
Generally speaking, in the five male test subjects, mental challenge improved orthostatic capacity (Table 1, Fig. 2 ). For example, PS1 vs. PS + MA as well as PS2 vs. PS + MA showed significant differences (p 0.028, 0.034, respectively) whereas no significant differences were seen between PS1 and PS2 (p 0.276).
Discussion
Our pilot results on five male test subjects indicate that mental challenge improves orthostatic tolerance significantly (Fig. 2) . Additionally, it appears that mental arithmetic application resulted in greater improvements in orthostatic capacity in subjects with poor orthostatic tolerance.
HUT + LBNP constitutes graded orthostatic stress paradigm, where HUT is followed by graded increases in LBNP until subjects reach presyncope. The advantage of combined graded orthostatic stress is the absence of medication to induce syncope. For example, in nitro-glycerine induced vasovagal syncope studies [8] the effects of this drug on cardiac output make it difficult to ascertain what would be the hemodynamic responses in healthy or non-medicated subjects. Furthermore, intravenous cannulation is avoided, which has been shown to spuriously affect cardiovascular responses and orthostatic tolerance [9] . For details on the combined HUT and graded LBNP protocol, please refer to [10] .
Interaction of mental and orthostatic stresses: Physiological effects
We have previously shown that initial effects of mental challenge during orthostatic challenge include greater increases in heart rate Table 1 Summary of the results of 5 subjects. Column 1: Average of orthostatic tolerance times (OTT, in min) of presyncopal run 1 (PS1), presyncopal run 2 (PS2); Column 2: Improvements in OTT (measured by subtracting from mental arithmetic induced orthostatic tolerance the averages of PS1 and PS2); Column 3: Proportional improvements in OTT derived by dividing improvements in OTT (Column 2) with the corresponding baseline (Column 1). than with mental arithmetic (MA) or head up tilt (HUT) alone [4] . As shown in the Fig. 1b) , which is a representative tracing of the results obtained in all the five volunteers, mental challenge led to greater increases in heart rate, despite similar reductions in stroke volume such as those during orthostatic stress alone, which was able to maintain the cardiac output. Overall, the cardiac output (representative of global tissue perfusion in healthy populations) decreases were less with combinations of mental and orthostatic challenges in comparison to orthostasis alone. When comparing effects of the additional mental arithmetic application, applied two minutes before known presyncopal time, no differences in the mean blood pressure were observed. This again confirms that arterial blood pressure is the primary regulated variable during stress [11] . Fig. 1 . a. Representative tracing of head up tilt (HUT) and graded lower body negative pressure (LBNP) induced hemodynamic changes in a subject. b. Same subject with added mental arithmetic, which was applied 2 min before the expected orthostatic tolerance time (OTT). Legend: From top to bottom, the measurements represent heart rate (bpm), mean blood pressure (mm Hg), stroke volume (ml), cardiac output (= heart rate × stroke volume) and total peripheral resistance (dyne.m − 2 per cm Psychological and physical stressors elicit varying physiological responses and both are based on fundamentally different centralautonomic regulatory mechanisms [12] . For example, central hypovolemia induces cardiopulmonary baroreceptor unloading but mental challenge increases central command and arterial baroreceptor loading [13] . The added effects of mental arithmetic (e.g. heart rate increases) in our volunteers, driven to the end point of their cardiovascular stability, may be due to the modulation of baroreflex function by behavior/ mental loading [14, 15] .
Contradictory responses of total peripheral resistance to mental stress have been reported [16] . We observed significant decreases in total peripheral resistance in response to the mental arithmetic, in agreement with the known vasodilatory effect of mental stress [17] . The latter is mediated by both reduction in sympathetic neural vasoconstriction and beta-adrenergic vasodilatation [17] . It appears that despite reducing the peripheral resistance, mental arithmetic induced heart rate increases, leading to increases in cardiac output, which were sufficient to provide improved orthostatic tolerance.
On the other hand, without the addition of mental challenge, increasing orthostatic loading in our study led to increases in peripheral resistance. This has been previously reported [18] . The increased peripheral resistance contributes to the maintenance of blood pressure during standing (see [14] ) which supports cardiovascular regulation leading to the baseline and repeated tolerance times.
Delaying the onset of syncope with mental challenge
The sympathetic nervous system plays an important role in controlling resistance vessels, with an almost maximal activation of control immediately prior to the syncopal attack followed by a complete suppression during and after the syncope.
We hypothesized that the addition of mental challenge may delay the onset of orthostatic syncope. The rationale for this assumption is based on the following observations: A) Sympathetic nervous system activation by mental stress. A beneficial effect of mental challengeinduced increases in sympathetic activity is not only related to change in heart rate or total peripheral resistance: there is also an effect on the venous system. The venous system contains approximately 70% of total blood volume, and veins are under strong control of the sympathetic nervous system [19] . Being a primary capacitance area of the body, the venous system can exert great changes in venous return and cardiac preload when its capacity is altered. In a previous study, in which we studied the effects of mental challenge on orthostatic responses [4] , mental challenge-induced sympathetic activity increased cardiac output, being sustained perhaps by a greater increase in venous tone, increased mean circulatory filling pressure and thus increased venous return (see Guyton's analysis [20] ). Our results are supported by observations of Kuipers et al. that mental challenge induces splanchnic vasoconstriction [3] . Therefore, the application of mental challenge shortly before occurrence of presyncopal symptoms and signs should lead to an increase in the orthostatic capacity. B) It is a common observation from clinical practice that engaging persons in mentally challenging activities (conversation) often leads to alleviation of dizziness symptoms, at least temporarily.
Timing of mental challenge application
Hemodynamic responses to stressors are known to reduce over time. Previously, a time dependent decrease in the magnitude of hemodynamic responses to mental [21] and orthostatic challenges [22] has also been reported. How combination of stresses influence cardiovascular variables, however, is poorly understood. We have recently shown that application of mental/orthostatic challenges or combined mental and orthostatic challenges leads to varying cardiovascular responses. We observed that mental stress elicits maximal cardiovascular responses within the first 2-3 min of application [4] . This is important as longer applications result in habituation and adaptation of responses thus minimizing the additive/beneficial effects. Therefore, mental arithmetic was only applied 2-3 min preceding expected presyncopal time.
Limitations
We cannot absolutely rule out the possibility that the increases in orthostatic capacity are due to repetition of the presyncopal runs, especially as literature is divided regarding reproducibility and adaptations to repeated orthostatic stresses. Some investigators reported that subjects adapt to repeated LBNP sessions with increased LBNP tolerance on the third successive exposure [23] . Ector et al. [24] , who observed an increase in tolerance times following 1 week of tilt training in patients, also confirmed this. Conversely, applying graded orthostatic stress to the same subjects four times, separated by 72 h [25] or 2 weeks [10] demonstrated no differences in orthostatic tolerance across trials. Since no objective end point exists for an LBNP tolerance, it is possible that some differences between studies can be attributed to ambiguity associated with LBNP tolerance end point determination [23] or a lay-off effect when tests are more than 1 week apart. For example, aircrews that have not flown at high G for a week develop a reduction in G tolerance on return to flying [26] .
We, however, believe that the 2 weeks separation between protocols should suffice to avoid "learning" effects [10] . Furthermore, our experimental protocol with a random order of the last two presyncope sessions (PS + MA versus PS2) was designed to minimize any time-dependent phenomenon. In all five subjects we observed an improvement of the orthostatic tolerance during added mental challenge, regardless of the order of the last two presyncope sessions. Therefore, the observed increases in orthostatic tolerance should be attributable to the effects of mental arithmetic.
Clinical and spaceflight applications
There are several clinical applications of the findings: additional mental loading could be a useful countermeasure to alleviate the orthostatic responses of persons, particularly in those with histories of dizziness on standing up, or to alleviate hypotension that frequently occurs during hemodialysis or on return to earth from the spaceflight environment of microgravity.
Future directions
Further studies are needed to investigate whether the beneficial effects of mental arithmetic on orthostatic syncope extend to larger sample sizes and also to females. In addition, the beneficial effects of mental challenge induced improvements in orthostatic tolerance should be studied across different phases of the menstrual cycle. To specifically understand the mechanisms of action of the mental arithmetic induced improvements in orthostatic tolerance, future studies should examine blood flow in the splanchnic region and the brain. Mental arithmetic may influence orthostatic tolerance also by modulation of the vestibular and somatosensory functions in healthy subjects. Therefore, the vestibulo-sympathetic and somatosensory-motor responses should also be analyzed. Modulation of the underlying vagal and sympathetic responses by mental arithmetic in subjects as they reach syncope should be further investigated. Finally, how the mental arithmetic modulates baroreflex should be explored.
